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Abstract 
The fabrication and the electromechanical characterization of top-down silicon nanowire resonators for sensing 
applications are presented. To date, these are the smallest nanowires reported that can take advantage of compatibility 
with CMOS fabrication and co-integration. The nanowires are actuated through the electrostatic force and the 
resonances are transduced by the piezoresistive effect of second order. Their electromechanical characterization is 
performed with the FM demodulation technique, which has allowed the detection of resonances at frequencies as high 
as 94.7 MHz. In the future, silicon nanowires could serve as mass sensors with sensitivities as low as 1zg/¥Hz. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
The measurement of frequency shifts of oscillating nano-devices is a highly sensitive detection method 
and is employed in diverse fields for sensing applications. Several types of transducers like cantilevers 
[1], beams (SiC) [2], carbon nanotubes [3] and bottom-up silicon nanowires [4,5] have been explored up 
to date. However, co-integration of the transducing element with the electronic part on the same chip 
reduces the choice of the material.  
Previous implementations of silicon nanowire resonators [4, 5] were based on bottom-up approaches. 
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In addition, the actuation schemes demonstrated up to now are either magnetomotive [4] or piezoelectric 
[5]. Electrostatic actuation using the substrate as an actuation electrode has also been addressed in [5] but 
these techniques are not suitable for on-chip integration. The piezoresistive detection has been 
demonstrated in [5] as an efficient transduction principle for silicon nanowires. The silicon nanowire 
resonators presented here are fabricated with a CMOS compatible, top-down process (Fig. 2) and have an 
integrated in-plane electrostatic actuation (Fig. 1(a)). In the next paragraphs, the fabrication process and 
the electromechanical characterization of the nanowires are detailed. 
(a)     (b) 
Fig. 1. (a) Schematic view of the nanowire resonator; (b) SEM photograph of a suspended nanowire. Width is 80nm and thickness 
160nm.  
          
Fig. 2 Fabrication process of the silicon nanowire resonator. 
2. Fabrication Process 
The starting material is a SOI wafer (100) and the silicon fabricated nanowires are oriented <110>. 
The initial Si film thickness is 160nm while the buried oxide thickness is 400nm. Firstly, the film is 
implanted with boron at 1Â1019at.cm-3. Next, ebeam lithography is used for the definition of the 
nanowires. The contacts are defined by deep ultra violet lithography and electrical pads are fabricated by 
AlSi deposition to provide a perfect ohmic contact. The nanowire is finally released through a hydro-
fluoric acid vapour process (see Fig. 1(b) for released nanowire). The advantages of the top-down process 
1651 Alexandra Koumela et al. /  Procedia Engineering  25 ( 2011 )  1649 – 1652 
described above are the controlled reduction of nanowire dimensions and the integration of the in-plane 
actuation electrode. Moreover, the absence of metallic precursors used in CVD growth process allows for 
co-integration with CMOS electronic circuitry on-chip. 
3. Characterization 
The electromechanical characterization of the device is performed by the FM demodulation technique 
[3] presented in Fig. 3. The excitation signal is an ac signal (ω0) modulated by the frequency (ωL) of the 
lock-in amplifier: VFM=V0cos(ω0t+ωΔ/ωL sin(ωLt)), where ωΔ is the deviation frequency. The electrostatic 
actuation is performed through a dc voltage applied on the lateral electrode. Finally, the detection is done 
by the lock-in amplifier (Stanford Instruments S830). The advantage of the FM demodulation technique 
in comparison with other downmixing schemes used in [1, 5] is the background nulling. 
 The detection principle used is based on the piezoresistive effect of second order. The nanowire 
resistance increases with large nanowire motion at the resonant frequency because of the tensile strain 
that is built up in the nanowire. The change of the resistance is given by ΔR=(εG)R, where ε is the strain, 
G is the gauge factor and R is the electrical resistance of the unstrained nanowire. This variation 
corresponding to a current variation is performed at twice the resonant frequency. For more details on the 
piezoresistive detection, see reference [5].  
The gauge factor has been extracted from current-voltage measurements with a four-point bending test 
bench for various applied strains. Experiment gives gauge factor of 175±21, while the two-terminal 
resistance of the nanowire is measured to be 100kOhm. The dynamic measurements were performed with 
a bias voltage of 800mV, a deviation frequency of 80kHz and a modulation frequency of 613Hz. All 
measurements have been performed under vacuum (<10-4 mbar) and at room temperature.  The nanowire 
response for various actuation voltages is presented in Fig. 4(a). The resonance shifts with increasing 
actuation voltage towards higher frequencies due to the stiffening of the nanowire. For VDC=0, the peak is 
not completely zero, suggesting the existence of residual charges on the nanowire surface. The trapped 
charge has to be further investigated in the future (dispersion of the gauge factor, dispersion of amplitude 
of resonance…) for safe conclusions. In particular, measurements with passivated nanowires are in 
progress.  The amplitude variation and the resonance frequency shift with VDC are presented in Fig. 4(b). 
The quadratic variation of the resonance frequency with the actuation voltage observed in Fig. 4(b) is
expected due to the quadratic dependence of the strain with the motion amplitude and thus with the 
actuation voltage [5, 8]. Also, as predicted by theory, a larger VDC leads to a larger detection current. 
  
Fig. 3 The FM detection scheme. V0 is the RF amplitude, ω0 the RF frequency, ωǻ the deviation frequency and ωL the modulation 
frequency. 
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(a)          (b)  
Fig. 4 (a) Shift of the resonance towards higher frequencies and increase of the amplitude with increasing actuation for a nanowire 
of 80nm wide and 160nm thick.; (b) Variation of the resonance and the peak magnitude with DC actuation for a nanowire of 80nm 
wide and 160nm thick.. 
4. Conclusions 
The fabrication and the electromechanical characterization of a silicon nanowire resonator have been 
discussed. The shift of the resonance frequency and the variation of the peak amplitude for different 
actuation voltages have been shown. Charge trapping effects on the nanowire surface need to be further 
investigated and measurements with passivated devices are in progress. Further characterization of the 
device is needed for mass detection applications. More precisely, gas detection and mass spectrometry 
applications are envisaged for future applications. Due to the small nanowire mass, high resolution is 
attainable. From calculations, a limit of 1zg/¥Hz is given as a good approximation.  
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